Experimental assessment of quasi-binary picture of thermotropics: Induced smectic A phase in 7CB-n-heptane system J. Chem. Phys. 135, 044705 (2011) Does transparent nematic phase exist in 5CB/DDAB/water microemulsions? From the viewpoint of temperature dependent dielectric spectroscopy J. Chem. Phys. 134, 034505 (2011) A kind of two-dimensional electroconvection at ultralow electric frequency Appl. Phys. Lett. 97, 203507 (2010) Study of the isotropic to smectic-A phase transition in liquid crystal and acetone binary mixtures J. Chem. Phys. 133, 174501 (2010) Thermotropic nematic and smectic order in silica glass nanochannels Appl. Phys. Lett. 97, 153124 (2010) Additional information on J. Appl. Phys. ZnO nanoparticles (NPs), synthesized in an alcoholic medium at room temperature, were added to electroclinic liquid crystal (ELC) materials. The addition of ZnO NPs in ELCs, caused a remarkable shift in SmC * -SmA * phase transition which was investigated from the dielectric and electro-optical measurements. The anchoring of ELC molecules around ZnO NPs creates orientational distortions near the surface, which may give additional ordering to the ELC molecular arrangement. After analyzing collective dielectric relaxation processes of ZnO NP doped ELCs, three distinct loss peaks were observed. The different behavior of ZnO NP doped ELC from pure ELC has been explained by determining the dielectric strength, the distribution parameter and the corresponding relaxation frequency, and so on, and then these results have been compared with the data calculated by using the theoretical model. The effect of ZnO NPs addition on physical parameters, such as spontaneous polarization (P s ) and rotational viscosity (g) has also been observed.
I. INTRODUCTION
Nanoscience and nanotechnology are vital frontiers in scientific research. A broad area of research topics from fundamental physical, biological, and chemical phenomena to material science has been addressing by the scientific society at the nanoscale. [1] [2] [3] Nanoparticle doping technology provides a more convenient and flexible approach for the modification of liquid crystal (LC) materials and for designing new and improved devices based upon LCs. The minute addition of nanoparticles (NPs) to LC materials has improved many special characteristics in the form of frequency modulation response, 4 non-volatile memory effect, 5 fast electro-optic response, 6 low driving voltage, 7 and so on. Of all the interesting materials emerging from the field of nanotechnology, metallic nanoparticles continue to attract immense research interest. Liquid crystal displays (LCDs) doped with metal NPs such as silver (Ag), gold (Au), palladium (Pd), platinum (Pt), or their alloys exhibited faster response times [8] [9] [10] [11] [12] than those of LCDs with conventional driving methods.
Zinc oxide nanoparticles (ZnO NPs) have attracted increasing attention owing to their wide application in nanogenerators, 13 gas sensors, 14 highly efficient solar cells, fieldemission transistors, 15 ultraviolet photo detectors, 16 and in biomedical systems such as cancer detecting biosensors and ultra sensitive DNA sequence detectors. 17 Numerous research groups have explored how the addition of ZnO NPs in ferroelectric LCs (FLCs) mainly reduced the threshold voltage and improved the optical contrast of the LC display devices. 18, 19 Huang et al. explored the effect of doping of ZnO NPs in surface stabilized ferroelectric liquid crystals (SSFLCs) by improving the alignment of FLC molecules and field induced reorientation processes. 20 Moreover, Li and Huang proposed a physical model depicting an interaction of ZnO NPs with surrounding FLC molecules. 21 But the effect of ZnO NPs on the phase transition temperature and dielectric relaxation processes of FLC materials has not been reported.
In the present study we have investigated the effect of ZnO NPs on the collective dielectric relaxation processes in electroclinic LCs (a special type of FLCs). 22 The experiments have been carried out on planarly aligned sample cells. Three distinct loss peaks in the SmC * phase of ZnO NP doped ELC have been observed near the transition temperature (T c ) between ferroelectric SmC * and paraelectric SmA * phases, which were not present in the pure ELC material. It has also been observed that the doping of ZnO NPs in ELC (BDH 764E) enhanced the transition temperature T c because of the significant strength of interaction between ZnO NPs and ELC molecules. The comparable enhancement in T c with ZnO NPs has also been checked in another ELC material, Felix-20. The results have also been compared with the data calculated by using the theoretical model (Cole-Cole model). The effect of doping on the physical characteristics of materials such as spontaneous polarization (P s ) and rotational viscosity (g) has also been discussed.
II. EXPERIMENT
The ZnO NPs used in the present study were synthesized in an alcoholic medium at room temperature by using zinc acetate and lithium hydroxide. The characteristic size of synthesized ZnO NPs estimated by x-ray diffraction pattern was found to be around 7 nm. The x-ray diffraction pattern of the present ZnO NPs has been reported earlier. 19 For the thermal and dielectric studies of the ELC material, the LC sample cells were prepared by using transparent a)
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V C 2011 American Institute of Physics 110, 064111-1 and highly conducting indium tin oxide (ITO, with sheet resistance 20 X/h) coated glass substrates that acted as electrodes. The electrodes were treated with adhesion promoter (phenyl trichlorosilane in toluene) followed by polymer (nylon 6/6) coating and were unidirectionally rubbed to get planar alignment of ELC molecules. The glass substrates were assembled with the electrodes facing each other, in the form of cells, maintaining a uniform thickness of around 3 lm.
The commercially available ELC material used in our present study is BDH 764E and the phase sequence is as follows:
A small amount (1 wt. %) of ZnO NPs was doped in to the ELC material and then the ZnO doped ELC material was introduced into the cell by means of capillary action at elevated temperature ($95 C) to ensure that filling takes place in the isotropic phase.
The molecular and collective dielectric studies were carried out by dielectric spectroscopy in a shielded liquid crystal cell using a Wayne Kerr 6540 A impedance analyzer in the frequency range of 20 Hz to 1 MHz. The dielectric setup was fully computer controlled and automated. The sample temperature was controlled within the accuracy of 6 0.01 C using a JULABO F-25 HE temperature controller. Optical tilt angle measurements were taken with the sample cell mounted on a rotatable stage of the polarizing optical microscope (Axioskop-40) interfaced with a Canon digital camera. Automatic liquid crystal tester (ALCT-P), which works on the principle of current measurement with time on the application of a triangular pulse, 23 was used for measuring spontaneous polarization (P s ) and rotational viscosity (g). The sample holder was kept thermally and electrically isolated from the outer sources.
III. RESULTS AND DISCUSSIONS
Addition of ZnO NPs to the pure ELC material results in the redistribution of intermolecular interaction energies, which can affect almost all of the physical parameters of the pure material. Dielectric relaxation spectroscopy is an important tool to study the molecular relaxation and dielectric properties of materials. Temperature dependence of dielectric relaxation can be described by the Debye theory but if collective dielectric processes exhibit a continuous distribution of relaxation time for liquid crystals then it can be described by the Cole-Cole equation, as given by e Ã ðxÞ ¼ e 1 þ X i¼1;2:::
where e 0, e 1 , and s stand for the static dielectric permittivity, frequency independent permittivity at high frequency, and relaxation time, respectively. i represents the number of relaxation processes and a stands for the distribution parameter. a is a measure of the width of the relaxation distribution and if the value of a is very small or equal to zero then the above Cole-Cole equation will obey the Debye process. The real and imaginary parts of permittivity can be separated out easily from the complex function by the relation e 0 ðxÞ À je 00 ðxÞ À jeðxÞ (2) where e 0 denotes the real part of the complex dielectric permittivity, e 00 is the imaginary part of the permittivity, and x is the angular frequency of applied electric field.
For the comparative studies, we prepared two sample cells, one with ZnO NP doped ELC material and another of pure ELC material. Figure 1(a) shows the real part of the dielectric constant (e 0 ) as a function of frequency for a large temperature range of ELC material doped with ZnO NPs, while the e 0 of pure ELC material is shown in the inset of Fig. 1(a) where the solid lines represents the best theoretically fit data using the Cole-Cole model. As seen from the inset, the e 0 of pure ELC material continuously decreases in the SmC * phase near the transition temperature of SmC * to SmA * (29 C). The value of e 0 in ELC is very high at lower frequencies (tens of Hz) and almost constant at higher frequencies (tens of KHz) in SmC * and SmA * phases. The ELC material doped with ZnO NPs shows a drastic change in the dielectric relaxation processes, as shown in Fig. 1(a) Figure 1(b) shows the behavior with temperature of tan d versus frequency of a ZnO NP doped ELC sample while the inset of this figure shows the behavior of tan d versus frequency of pure ELC material at the same parameters. From these graphs also, one can confirm the change in phase transition temperature T c . From the inset of Fig. 1(b) , an abrupt increase in the value of the relaxation frequency near 29 C can be seen for pure ELC, while for ZnO NP doped ELC the increase in relaxation frequency is at about 36 C [ Fig. 1(b) ]. In the SmC * phase there are two or more relaxation peaks present in ZnO NP doped ELCs, which were totally absent in pure ELC material as well as at c exceeding 2 wt. %. The edge of the high frequency dielectric loss above 100 KHz in Fig. 1(b) occurs due to the finite resistance of the ITO coating on the glass substrate of the sample cell. This ITO effect on dielectric measurements also has been reported elsewhere. 24 Figure 2(a) shows the Cole-Cole diagrams at two different temperatures, one in the SmC * phase (2 below T c ) and another in the SmA * phase (2 above T c ) for ZnO NP doped ELC material, while Fig. 2(b) shows the Cole-Cole plots for pure ELC material 2 below T c in SmC * and 3 above T c in SmA * phases, respectively. In Fig. 2(a) , at lower temperature (34 C) by fitting the expression of Eq. (1), one can observe that the Cole-Cole diagram is a superposition of two semicircles, i.e., at this temperature two modes are contributing to the dielectric response while at higher temperature (38 C), only one relaxation behavior is present, which is attributed to the soft mode in he case of ZnO doped ELC material. Figure 2(b) shows the Cole-Cole diagrams at two different temperatures (26 C and 31 C) for pure ELC material, in which only a single relaxation behavior is present.
The behavior of relaxation frequency ( R,e 00 ) in SmC * and SmA * phases has been shown in Fig. 3(a) , calculated by the formula R;e 00 ¼ R;tan d ffiffiffiffiffiffiffiffiffiffiffiffi e 1 =e o p . 25 Figure 3(a) shows the relaxation frequency versus temperature for ZnO NP doped ELC and the inset shows the same for pure ELC material, without any bias application. The solid line represents the best theoretically calculated data by using the Cole-Cole model through the experimental points. As seen from the inset of Fig. 3(a) , the relaxation frequency is found to be independent of temperature in the deep SmC * phase and at the transition from SmC * to SmA * phase there is a continuous increment in the value of the relaxation frequency for pure ELC material. In the case of ZnO NP doped ELC material as we discussed earlier in Fig. 1(b) , there are two relaxation peaks. In Fig. 3(a) the behavior of both relaxation peaks has been shown with respect to temperature. The solid lines of theoretically calculated and experimental data are almost matching with each other. The frequency separation of both relaxation peaks increases with an increase in temperature and the peak along with the low frequency side almost vanishes above the transition temperature T c in NP doped ELC material. Only the regular soft mode process remains above T c , showing the usual behavior of ELC materials. Such a type of low frequency relaxation peak has also been observed in water added and graphene oxide added ELC samples. 26, 27 The experimentally obtained values of dielectric strength De, distribution parameter a, and the corresponding relaxation frequency R,e 00 in a wide temperature range have been given in Table I and Table II for both pure and doped ELC materials and compared to the data calculated by using the Cole-Cole theoretical model. One can observe from Tables I and II that there is an increase of the distribution parameter a with respect to temperature. The small values of a for both pure and ZnO NP doped ELC suggest that the dielectric process is very close to Debye type relaxation. The increase of a with temperature indicates that both samples become less dispersive at higher temperatures and must show more than one relaxation process at some higher temperatures in the SmC * phase. In Fig. 3(b) , the relaxation frequency has been plotted with respect to temperature for ZnO NP doped ELC material at different bias voltages (0 V, 5 V, and 10 V). The behavior of R,e 00 at 0 V bias for pure and ZnO NP doped ELC is the same, for instance far below the transition temperature T c , R,e 00 is independent of temperature and approaching the T c transition there is a continuous increase of R,e 00 . At bias voltages (5 V and 10 V) in the deep SmC * phase the relaxation frequency R,e 00 is almost independent of temperature but decreases in the interval [25] [26] [27] [28] [29] [30] C and increases at approaching the transition temperature T c . After transition temperature there is an abrupt increase in the value of R,e 00 . The behavior of R,e 00 with bias in ZnO NP doped ELC material is similar to pure ELC and it does not obey the CurieWeiss law in the SmC * phase due to high electroclinic coefficient of such ELC materials. Thakur et al. have reported earlier that pure ELC materials do not obey the Curie-Weiss law near the transition temperature. 28 In the SmA * phase the relaxation frequency is temperature dependent, as in other FLC materials.
The bias-dependent relaxation processes have been studied for the SmC * phase of ZnO NP doped and pure material (inset), as shown in Fig. 4(a) . Figure 4(a) shows the behavior of dielectric loss (tan d) curve at different applied biases for both doped and pure material. At lower bias voltages (in the range of 0.1 V to 1 V) in the SmC * phase, we see two or more than two low frequency relaxation peaks in the case of ZnO NP doped ELC samples, which can also be confirmed by Fig. 4(b) . Figure 4(b) shows the Cole-Cole plot at 0.3 V in the SmC * phase (29 C) for ZnO NP doped ELC material. The Cole-Cole semicircles also show the presence of more than two relaxation behaviors. The inset of Fig. 4(b) shows the theoretical fitting for the same data and also exhibits the three relaxation processes (three different values of distribution parameter a) while the pure sample exhibits only one relaxation process due to a characteristic Goldstone mode, as shown in the inset of Fig. 4(a) . The appearance of two or more than two relaxation peaks with the application of bias in the SmC * phase suggests that there is a strong interaction between the ZnO NPs and molecules of ELCs and the low frequency process is associated with the Goldstone mode of ELC material.
Figure 5(a) shows the plot of the measured temperature dependence of the tilt angle for both pure and ZnO doped ELC materials. There is no remarkable difference in the temperature dependent tilt angle measurement of pure and ZnO doped ELC. This is because the ZnO NPs have suppressed the randomized scattering of ELC molecules around a diffuse cone but the tilt of the individual molecules remains the same. The phase of ELC has been extended by ZnO only in the limit of the electroclinic effect in the SmA * phase, therefore the larger the electroclinic effect the greater the phase extension (increase of T c from SmC * to SmA * phases). The phase extension has been observed only in ELCs and not in conventional FLCs.
Figure 5(b) shows the variation in the ratio of polarization and optical tilt angle (P s /h) with respect to temperature for both pure and ZnO doped ELC materials. There is a rapid fall in the value of P s /h for pure material as compared to ZnO NP doped material. ZnO NP doped ELC shows a gradual fall in the P s /h value, which suggests a rise in the order of ELC molecules. From the inset of Fig. 5(b) it can be observed that there is an improvement in the polarization (P s ) by doping ZnO NPs in ELC as compared to the pure material with respect to temperature. The improved P s is due to the arrangement of dipole moments of ZnO NPs in the direction of the applied field, which will contribute to the dipole moment of pure ELC material. Hence, the ratio of polarization and tilt angle (P s /h) will be more in the case of ZnO NP doped ELC material. One can also validate the shift in SmC * to SmA * phase transition temperature T c in the ZnO NP doped ELC material from Fig. 5(b) . Figure 6 shows the variation in rotational viscosity (g) with respect to temperature without any bias application. There is an increase in rotational viscosity (g) in ZnO NP doped ELC as compared with pure ELC. The increment in g decreases with respect to temperature, which means as we increase the temperature the gap between the value of g in the case of pure and ZnO NP doped ELCs decreases. This increment of g is a result of the strong interaction between ZnO NPs with ELC molecules and the possible formation of clusters. The value of the dipole moment of ELC molecules ( >1.5 D) is very small as compared with ZnO NPs ( >100 D) and the huge dipole moment of the ZnO NPs generates a powerful field inducing dipolar interaction that competes with spontaneous molecular interaction and this dipolar interaction enhances the anchoring of ELC molecules around ZnO NPs. Such strong anchoring of ELC molecules around ZnO NPs brings about long range orientational distortions, which may give rise to the well ordered molecular structure of ELC materials and enhance the ferro-to paraelectric phase transition temperature. In our earlier study, when we doped the ELC material by a non dipolar organic material (heptane), there was no additional dielectric peak while by adding a dipolar material (graphene oxide nanomaterial) we observed one additional peak along with the Goldstone mode. 27 The interaction between ELC molecules and NPs with large dipole moments also affects the dielectric relaxation processes in ELCs.
IV. CONCLUSIONS
We have demonstrated that the transition temperature of ferro-to paraelectric phase of ELC materials can be increased by the doping of ZnO NPs. As a result of the large dipole moment of ZnO NPs, a strong molecular interaction takes place between ZnO NPs and ELC molecules, which can give rise to the order of ELC molecules. Our experimental outcomes illustrate the existence of one or more than one additional low frequency relaxation peak along with the Goldstone mode in the SmC * phase and these relaxation peaks vanish after the transition temperature. The doping of 1 wt. % of ZnO NPs makes a significant increase in the values of P S and g in ELC material. This work is also helpful for various dynamic studies of ELCs and opens up innovative ways to implement ELCs for potential applications at higher temperature.
FIG. 5. (Color online) (a)
Behavior of tilt angle theta with respect to temperature for both ZnO doped and pure ELC samples while (b) shows the behavior of the ratio of P S /h with respect to temperature and in the inset, the behavior of spontaneous polarization (P S ) with temperature for both ZnO doped and pure ELC samples. 
